The microstructural and morphological changes of inert gas atomized pre-alloyed Cu-1 wt. % Al powders subjected to hith-energy milling were studied. The microhardness of hot-pressed compacts was measured as a function of milling time. The thermal stability during exposure at 800°C and the electrical conductivity of compacts were also examined. During the high-energy milling, severe deformation led to refinement of the powder particle grain size (from 550 nm to about 55 nm) and a decrease in the lattice parameter (0.10 %), indicating precipitation of aluminium from the copper matrix. The microhardness of compacts obtained from 5 h-milled powders was 2160 MPa. After exposure at 800°C for 5 h, these compacts still exhibited a high microhardness value (1325 MPa), indicating good thermal stability. The increase of microhardness and good thermal stability is attributed to the small grain size (270 and 390 nm before and after high temperature exposure, respectively). The room temperature electrical conductivity of compacts processed from 5 h-milled powder was 79 % IACS.
INTRODUCTION
It is well known that copper dispersion-strengthened by aluminium oxide (Al 2 O 3 ) particles produced by powder metallurgy processes is characterized by a unique combination of high strength and good electrical and thermal conductivity at room as well as at elevated temperatures. Aluminium oxide dispersoids are insoluble in the copper matrix and possess high hardness and stability at high temperatures. 1 Recently, because of these properties, the application of dispersion-strengthened copper has been expanded in several areas, especially in the electronics industry and nuclear technology. The properties of dispersion-strengthened copper are the consequence of fine aluminium oxide dispersoids in a copper ma-trix. Aluminium oxide dispersoids contribute to the strengthening of the copper matrix in a way that provides resistance to dislocation motion according to the Orowan theory. 2 While several methods of introducing fine aluminium oxide particles in the copper matrix have been exensively investigated, mechanical alloying and internal oxidation seem to be the most universally applicable. Internal oxidation produces in situ the finest aluminium oxide particles and most uniform particle distribution. 1 Earlier investigations have shown that by using high-energy milling in air of pre-alloyed copper powders, it is possible to produce dispersion-strengthened Cu-Al 2 O 3 alloys by internal oxidation with oxygen from the air. 3 The goal of the present investigation was to introduce fine aluminium oxide particles through high-energy milling in air of pre-alloyed copper powder containing 1 wt.% Al, to consolidate the powder milled up to 20 h and to determine the properties of compacted material.
EXPERIMENTAL
Inert gas atomized pre-alloyed copper powder containing 1 wt.% aluminium was milled for 3, 5, 10, 15 and 20 h in a planetary ball mill. The weight ratio of powder to steel balls was 1:35. The high-energy milling was performed in air in order to enable the formation of aluminium oxide dispersoids by internal oxidation with oxygen from the air. Following milling, the powder was treated in hydrogen at 400°C for 1 h in order to eliminate copper oxides formed at the surface during milling. Compacts (10 mm in diameter and 10 mm in height) were obtained by hot-pressing in an argon atmosphere at 800°C for 3 h under a pressure of 35 MPa. Compacts from as-received Cu-1 wt.% Al and electrolytic copper powders were also prepared under the same conditions. The compacts obtained from 5 h-milled powder were additionally subjected to high temperature exposure in argon at 800°C for 1 and 5 h, with the goal to examine their thermal stability.
The microstructure of the powder and compacts was characterized by X-ray diffraction analysis (XRD), optical and scanning electron microscopy (SEM). The effect of hardening was assessed by microhardness measurements using a 50 g load. X-Ray diffraction analysis was performed using a Siemens D-500 diffractometer with CuK a Ni-filtered radiation. The lattice parameter was refined by the least square method. The average lattice distortion, i.e., the relative deviation of the lattice parameters from their mean value (Dd/d) 4 and the grain size (D) were determined from the broadening (b) of the first four X-ray peaks (111, 200, 220 and 311), using the approach developed by Williamson and Hall: 5
where k = 0.9 is the shape factor and l = 0.15405 nm is the radiation wavelength. The density (r) of the compacts was determined by the Archimedes method, whereas the theoretical density was calculated from the simple rule of mixtures, taking the theoretical values of copper (8.96 g cm -3 ) and aluminium oxide (3.95 g cm -3 ). The room temperature electrical conductivity (% IACS) of polished compacts was determined using the Siemens conductometer Sigmatest.
RESULTS AND DISCUSSION
During high-energy milling, severe deformation (lattice distortion and grain size refinement) leads to X-ray peak broadening with milling time (Fig. 1) . 4, 5 The effect of milling time on the grain size and lattice distortion of the examined powder particles is presented in Fig. 2 . As can be seen, the most intensive change oc-curs in the early stage of milling. The grain size decreases from about 550 nm before milling to about 55 nm after 5 h of milling. In the period from 5 h to 20 h, the grain size remains practically constant, about 30 nm. On the contrary, the lattice distortion strongly increases during 5 h of milling. At longer milling times, the change of the lattice distortion becomes less evident. This result is in agreement with some earlier observations, that the deformation of particles occurs during the early stages of milling. 5 Figure 3 shows the decrease in the lattice parameter with milling time, indicating precipitation of aluminium from the copper matrix. Precipitated aluminium is oxidized in situ by oxygen from air, forming aluminium oxide dispersoids. Earlier investigations showed that these dispersoids are very fine 3 and well within the range required for dispersion hardening. 6 The decrease in the lattice parameter is rapid at the very beginning of the milling process but only slowly decreases with prolonged milling. This behaviour is due to facilitation of the oxidation process through the severe deformation of the copper matrix at the very begining of the milling process. The difference in the lattice parameters of pre-alloyed Cu-1 wt.% Al powders before (a Cu-1 wt.% Al = 0.36197 nm) and after 20 h of milling (a Cu-1 wt.% Al = 0.36163 nm) is 0.10 %. This difference, similar to the difference (0.16 %) in the theoretical lattice parameters of the pre-alloyed powder (a Cu-1wt.% Al = 0.36210 nm) and the copper powder (a Cu = 0.36152 nm) indicates that after 20 h of milling almost all the aluminum had precipitated from the copper matrix. Assuming that the complete amount of aluminium was oxidized, it can be calculated that by internal oxidation of 1 wt.% aluminium, 1.9 wt.% of aluminium oxide was produced in the copper matrix.
During high-energy milling, powder particles change their Morphology as the consequence of repeated deformation, fracturing and welding. 7 SEM micrographs show Cu-1 wt.% Al powder particles before milling (Fig. 4a ) and the development of the powder morphology with increasing milling time (Figs. 4b-d) . The particle size increases up to 10 h of milling due to the dominance of welding, 7 whereas the particles are rather flattened because of the strong plastic deformation occuring in the early stage of the milling process (Fig. 4b) . After 20 h of milling, the particle size had decreased since fracturing predominates in the milling process 7 and the particles appear to be rather uniform in size (Fig. 4c) . The presence of some coarse particles (Fig. 4c-e) indicates that after 20 h of milling, coalescence had occured to some extent.
In contrast to the microstructure of the as-received Cu-1 wt.% Al powder particles, milled powder particles exhibit a lamellar microstructure. Lamellae present individual plastically deformed powder particles and they are typical for high-energy milled powder. The lamellar structure of Cu-1 wt.% Al particles is retained after compaction. Figure 5 shows the microstructure (optical microscopy) of Cu-1 wt.% Al particles before milling (Fig. 5a) , after 10 h of milling (Fig. 5b) and after hot-pressing (Fig. 5c) .
The microhardness of the compacts as a function of milling time is shown in Fig. 6 . The microhardness increased in the first 5 h of milling, while with prolonged milling, the values of the microhardness remained nearly constant. The in- crease in microhardness may be attributed to two processes: intensive refinement of the grain size (see Fig. 2 ) and aluminium oxide precipitation in the form of fine particles from the pre-alloyed copper matrix. 3 The rapid decrease of the lattice parameter (see Fig. 3 ) is a consequence of precipitation of aluminium from the copper solid solution and successive formation of fine aluminium oxide in the copper matrix. The microhardness of compacts obtained from as-received Cu-1 wt.% Al powders (745 MPa) increased up to 2160 MPa after 5 h of milling, which is 3 times higher than that of compacts produced from electrolytic copper powder (670 MPa) compacted under the same conditions. This result shows that an aluminium oxide content of 1.9 wt.%, formed through oxidation of 1 wt.% Al, has a very strong effect on the hardening of the copper matrix, in contrast with observations of Mehta 8 and Nadkarni 1 who reported that an aluminium oxide content above 0.65 wt.% did not result in an increased hardening.
The grain size of 5 h-milled powders and compacts before and after 5 h of exposure at 800°C was calculated (XRD patterns are given in Fig. 7 ). The different FWHM (full width at half maximum) of the diffraction peaks of Cu-1 wt.% Al (see detail of Fig. 7) indicates different grain sizes of 55, 270 and 390 nm, respectively. These results suggest thag grain growth occurs during hot-pressing, but during exposure to high temperatures, the grain growth is much slower.
In order to assess their high temperature thermal stability, compacts of Cu-1 wt.% Al were exposed to a temperature of 800°C for 1 and 5 h. The results given in Table I reveal that the microhardness decreased to some extent with increasing time of exposure (from 1720 to 1325 MPa, after 1 and 5 h of exposure, respectively). Since the microhardness retains a high value after 5 h of exposure, it may be concluded that compacts obtained from 5 h-milled Cu-1 wt.% Al powders exhibit good thermal stability. Also, the microhardness after 5 h is more than 2.5 times greater than the microhardness of compacts obtained from electrolytic copper powder (670 MPa). Taking into account the results on the grain size and thermal stability, it may be supposed that the good thermal stability of the compacts is related to a relatively slow grain growth at 800°C. Small dispersoids not only increase the microhardness by strengthening the copper matrix, but also, if formed at grain boundaries, they impede grain growth, thus postponing recrystallization and preventing grain growth by pinning grain boundaries. 9 The density of the compacts, as one of their important properties, was also measured. The results indicate that the densification by hot-pressing of milled pre-alloyed powder was not completed. The measured density of the compacts processed from 5 h-milled powder (8.46 g cm -3 ) was 96.7 % of the theoretical value (8.75 g cm -3 ). It was reported that the measured density of extruded materials is higher than 99.3 %. 10 It should be noted that in this study the theoretical density was calculated for 1.9 wt.% Al 2 O 3 after oxidation of 1 wt.% Al of pre-alloyed copper powder, assuming that all of the aluminium precipitates from the copper matrix.
The room temperature electrical conductivity of compacts obtained from 5 h-milled powder was 79 % IACS. The presence of aluminium oxide interfaces between the aluminium oxide particles and the copper matrix are considered as a possible source of additional electron scatter, thus reducing the conductivity of the copper matrix. 11 Since the required lower limit of conductivity for copper-based alloys for higher temperature applications is 50 % IACS, 12 while the conductivity of commercially available copper alloys ranges between 78 and 92 % IACS, 9 the measured conductivity value might be accepted as being satisfactory.
CONCLUSIONS
The microstructural and morphological changes of high-energy milled pre-alloyed Cu-1 wt.% Al powders was studied. The microhardness of compacted milled powders was followed as a function of milling time. The high temperature thermal stability and electrical conductivity of compacts were also examined. The main conclusions are as follows:
-During high-energy milling of pre-alloyed Cu-1 wt.% Al powders, severe deformation leads to particle grain size refinement (from 550 nm to about 55 nm) and to a decrease in the lattice parameter, indicating precipitation of aluminium from the copper lattice.
-The lamellar structure formed at the beginning of the milling process is retained during compaction.
-The microhardness of the compacts obtained from as-received Cu-1 wt.% Al pre-alloyed copper powders was 745 MPa, whereas the compacts obtained from 5 h-milled powders show a steep increase in microhardness up to 2160 MPa, a value 3 times higher than that of as-received electrolytic copper powders (670 MPa) compacted under the same conditions.
-Compacts obtained from 5 h-milled Cu-1 wt.% Al pre-alloyed powders after exposure for 1 and 5 h at 800°C have microhardness values of 1720 and 1325 MPa, respectively, indicating good thermal stability.
-The increase of the microhardness and good high thermal stability may be related to the relatively slow grain growth (270 and 390 nm before and after exposure at 800°C, respectively).
-The room temperature electrical conductivity of compacts obtained from 5 h-milled powder was 79 % IACS, which is in the range of the conductivity of commercially available copper alloys for higher temperature applications.
